Summary Proliferating cell nuclear antigen (PCNA) is a nuclear protein that regulates DNA synthesis by DNA polymerase delta, and is essential for DNA replication. PCNA expression level is related to the malignancy of gastric cancer cells. Seven different gastric cancer cell lines and two kinds of control cell lines were treated with antisense oligonucleotides complementary to the messenger RNA of PCNA. Treatment of each gastric cancer cell line with antisense oligonucleotides at concentration of 10-40IM inhibited the cell growth, colony formation and PCNA protein production in a dose-dependent manner, but only affected normal cells slightly. A random sequence oligomer showed no effect. These results show that PCNA is essential for gastric cancer cell proliferation and that the use of synthetic oligonucleotides is an effective way of producing antisense-mediated changes in the behaviour of human gastric cancers.
Gastric cancer is morphologically and functionally pleomorphic (Mulligan & Rember, 1958; Ming, 1977) , and it has been suggested that many kinds of growth factors and their receptors form multiautocrine loops that regulate cancer cell growth and development (Yoshida et al., 1989) . Expression of epidermal growth factor (EGF), transforming growth factor a (TGF-c), EGF receptor and PCNA is apparently involved in the malignancy of gastric cancer cells (Yasui et al., 1988; Yoshida et al., 1990; Yonemura et al., 1993) .
Recent investigations have shown that oncogenes encode growth factors, their receptors and other parts of the signal transduction mechanisms, all of which play important roles in controlling the growth of cancerous and normal cells (Sporn & Roberts, 1985) . The signal transduction mechanisms often involve a final common pathway that is shared by diverse growth signals. The convergence to a common pathway is illustrated by a nuclear protein, proliferating cell nuclear antigen (PCNA), which is critical for DNA replication. PCNA is a nuclear protein required for regulating DNA synthesis by DNA polymerase delta, which plays an essential role in DNA replication (Julio & Celis, 1985; Bravo et al., 1987) . PCNA constitutes an important factor in this process; it is a cofactor for DNA polymerase delta, and both the cofactor and the enzyme are required for coordinated leading and lagging strand replication of DNA.
One of the general approaches previously explored for the treatment of cancer was the development of interventions that inhibit specific factors involved in the signal transduction pathways leading to cell division (Masui et al., 1984; Aboud-Pirak et al., 1989; Masui et al., 1989) . Nonetheless, if one such pathway is inhibited, other pathways might still produce substantial cell proliferation. Consequently, to effectively suppress cell proliferation the intracellular factors that are involved in a final common pathway, shared by mitogenic signals, should be targeted. PCNA is one of the intracellular factors that is common to all pathways of DNA synthesis.
Since gastric cancers with high PCNA expression show a more malignant clinical course than those with low PCNA expression (Yonemura et al., 1993) , it follows that inhibition of PCNA expression in gastric cancer cells should reduce their malignancy and improve the clinical course. The present study was performed to determine whether antisense oligonucleotides complementary to the messenger RNA (mRNA) 
Materials and methods

Cell culture
The human gastric cancer cell lines MKN1, MKN28, MKN45, MKN74, NUGC-2 and NUGC-3 were cultured in RPMI-1640 (Nissui, Tokyo) with 10% fetal bovine serum (FBS) and 100 IU of penicillin at 37°C under standard conditions.
The human myelomonocytic cell line WEHI-3 and human fibroblast FL cells were cultured in the same conditions and used as control cells. Another gastric cancer cell line, KATO-III, was cultured in Dulbecco's modified Eagle medium supplemented with 10% FBS.
Oligonucleotide synthesis Eighteen-base oligonucleotides were synthesised using the Applied Biosystems 380B DNA synthesiser (Applied Biosystems, Foster City, CA, USA) with a phosphorothioate substitution at each base. The oligomers were purified by two different high-performance liquid chromatography (HPLC) methods (Murakami et al., 1993) , and purity was assayed by polyacrylamide gel electrophoresis and HPLC. The antisense oligonucleotides were complementary to 1 8-bp sequences next to the start codon or overlapping the start codon of PCNA mRNA sequences, as shown in Figure 1 . Sterile aliquots of 1 mM stock solutions were stored at -20°C and thawed on ice before use.
Oligonucleotide uptake
Random sequence phosphorothioate oligonucleotides were conjugated with fluorescein 5-isothiocyanate (Fluorescein-ON Phosphoramidite; Clontech, Palo Alto, CA, USA) according to the procedure of Wachter et al. (1986) . Cells were seeded at a density of 5 x I03 ml-' in 60 mm tissue culture dishes. After 24 h, the media were changed, and three 10 mm glass cloning cylinders were plated on each plate. The labelled oligonucleotides were then added at a concentration of 5 tM to the medium within the cloning cylinders. Plates were harvested at 30 min, 1 h and then hourly. The cells were washed several times in cold phosphate buffer (PBS), and fixed for 5 min in 10% formaldehyde. After fixation, the plates were washed again with PBS, and coverslips were mounted using Vectashield (Vector Laboratories, Burlingame, CA, USA). Cultures were viewed and photographed immediately under a UV fluorescent microscope.
Growth rate
Cells were plated at a density of 1 x I04cells ml' into 24-well dishes for 24 h. The medium was then changed to one (Furth et al., 1987) with the VECTASTAIN ABC kit (Vector Laboratory, Burlingame CA, USA). All subsequent procedures were performed at room temperature. Non-specific binding sites were blocked with 10% normal horse serum for 30 min. (Table  I) .
Anchorage independence
The ability to form foci in soft agar was reduced by antisense oligonucleotide treatment in each gastric cancer cell line (Table II) . Concentration of oligonucleotides (jtM) 1,441 (antisense 2) 13.7 ± 4.2 9.2 ± 3.4 7.3 ± 4.8 9.4 ± 3.3 1,438 (antisense 3) 5.8 ± 3.7 6.4 ± 4.9 11.9 ± 5.6 4.9 ± 3.6 aNumbering is from the sequences of Travali et al. (1989) 
Discussion
We have previously performed chemotherapy against gastric cancer with many kinds of drug delivery systems and have obtained good results (Hagiwara et al., 1992 (Hagiwara et al., , 1993 . However, in some cases the anti-cancer agents were ineffective, probably because of multidrug resistance or low concentration of drugs in the cancerous lesion. In this report we used antisense oligonucleotides and focused on PCNA as a target for the treatment of gastric cancer. The fact that expression of multiple cell mitogens and receptors, such as EGF, TGFa, and EGF receptors, is detected in gastric cancer cells 16.9 ± 3.8 38.5 ± 5.1 39.9 ± 5.9 Cells were seeded at 50 or 500 cellsml-' into culture medium containing 0.3% agarose in the presence or absence of oligonucleotides. Suspensions were pipetted onto a basal layer of 0.6% agarose in 60mm dishes and incubated for 14-21 days. Foci containing greater than 100 cells were counted. Results represent the mean±standard deviation for triplicate cultures.
suggests that these multiple pathways must converge at the G,//S boundary and share a common mechanism that causes DNA replication. PCNA is one of the critical factors in this convergence.
PCNA is a nuclear protein required for regulating DNA synthesis by DNA polymerase delta, and forms a part of an essential pathway for DNA replication in normal cells as well as malignant cells. PCNA expression in gastric cancer cells is related to their proliferative activity, malignancy and malignant clinical course (Yonemura et al., 1993 (Iverson et al., 1992; Hawley & Gibson, 1992) . Genes such as bcr-abl that are expressed only in chronic myelocytic leukaemia cells with a 9;22 chromosomal translocation or the human papillomavirus (HPV) associated with oral and cervical cancers are logical targets for antisense oligonucleotides (Szcyzlik et al., 1991; Steel et al., 1993) . But since such specific genes have not been found yet in gastric cancer cells, we targeted PCNA mRNA which is abundantly expressed in gastric cancer cells with high proliferative activity.
Expression of PCNA is very weak in quiescent cells, but increases 6-to 7-fold after stimulation by serum, plateletderived growth factor (PDGF), fibroblast growth factor (FGF) or EGF (Bravo & Macdonald-Bravo, 1984; Jaskulsky et al., 1988a,b) . The level of PCNA correlates directly with the rate of cellular proliferation and DNA synthesis. An earlier report showed that PCNA antisense oligonucleotides targeted for mRNA of murine 3T3 cells and rodent smooth muscle cells inhibited DNA synthesis (Jaskulsky et al., 1988a,b; Edith Speir et al., 1992) . Jaskulsky et al. (1988a,b) showed the growth-inhibitory effect of PCNA antisense oligonucleotides against murine 3T3 cells with the labelling index and mitotic index after the incorporation of [3H] labelled oligonucleotides was weak in some cells of each cell line used in our experiments. Steel et al. (1993) reported that up to 75% of the cells took up oligonucleotides, and in our studies cytoplasmic staining was apparent in about 80% of the cells and 70% of them had nuclear staining. Thus, since some cells have an apparent lower affinity for oligomer uptake, high concentrations of the oligonucleotides would be necessary to maximally reduce PCNA protein synthesis. Nonetheless, some cells could escape the antiproliferative effects of antisense oligonucleotides and would continue to grow. There is a possibility that difference in the growthinhibitory effect with PCNA-specific antisense oligomer in each cell line may reflect differences in oligonucleotide uptake and degradation in the cells. A single administration of antisense oligomers showed only a weak effect (data not shown) however when the medium containing antisense oligomers was changed daily a remarkable growth-inhibitory effect could be seen (see Figures 3 and 4) . Thus, incorporated antisense oligonucleotides may be degraded in the cells, and the duration of the antiproliferative effect can be explained by daily administration of fresh oligomer to the cells.
According to the previous study by Chiang et al. (1991) , the antisense-mediated effect depends on the secondary structure of the targeted messenger RNA, and a stable stem-loop structure is desirable as the target site. It follows that stability of DNA-RNA binding between oligomers and target sequence of messenger RNA will change as a result of a small shift of the target sequence. As shown in Table I , we synthesised and tested three kinds of antisense oligomers. Only antisense 1 (starting at base 1,447) showed growthinhibitory effect. Antisense 2 (starting at base 1,441) and antisense 3 (starting at base 1,438) showed little effect. Differences in the extent of the growth-inhibitory effect in the three kinds of antisense oligomers as shown in Table I may be caused by this mechanism. Such differences in growthinhibitory effect caused by a small shift in the targeted sequence was also shown in the previous report by Edith Speir et al. (1992) . It follows that it is necessary to choose the desirable target sequence of messenger RNA according to its secondary structure and to design structurally modified oligonucleotides with greater stability and enhanced uptake so that a large percentage of cancerous cells are inhibited. Whether such molecules can be designed will have an impact on the practicality of using antisense technology in clinical situations. In addition, we found that PCNA-specific antisense oligonucleotides inhibited proliferation of normal fibroblasts to some extent, and so we must design administration routes or methods to minimise the effect on normal cells.
We are now working to clarify whether or not the antiproliferative effect of this PCNA-specific antisense oligonucleotide is specific to gastric cancer cells. According to our preliminary experiments, PCNA-specific antisense oligonucleotides show the same effect in other types of cancer cells as well as in gastric cancer cells (unpublished data). So this effect may not be specific to gastric cancer cell lines.
Others have previously proposed that the inhibition of cancer cells by antisense nucleic acids has important implications for the development of new cancer therapies . Our results coincide with the observation that antisense oligonucleotides can be given without any nonspecific toxicity (Agrawal et al., 1991) . Further research will focus on the potential for in vitro effectiveness as well as clarifying the mechanism of action.
